Noninvasive markers of brain function could yield biomarkers in many neurological disorders. Disease models constrained by coordinate-based meta-analysis are likely to increase this yield. Here, we evaluate a thalamic model of temporal lobe epilepsy that we proposed in a coordinate-based meta-analysis and extended in a diffusion tractography study of an independent patient population. Specifically, we evaluated whether thalamic functional connectivity (resting-state fMRI-BOLD) with temporal lobe areas can predict seizure onset laterality, as established with intracranial EEG. Twenty-four lesional and non-lesional temporal lobe epilepsy patients were studied. No significant differences in functional connection strength in patient and control groups were observed with Mann-Whitney Tests (corrected for multiple comparisons). Notwithstanding the lack of group differences, individual patient difference scores (from control mean connection strength) successfully predicted seizure onset zone as shown in ROC curves: discriminant analysis (two-dimensional) predicted seizure onset zone with 85% sensitivity and 91% specificity; logistic regression (four-dimensional) achieved 86% sensitivity and 100% specificity. The strongest markers in both analyses were left thalamo-hippocampal and right thalamo-entorhinal cortex functional connection strength. Thus, this study shows that thalamic functional connections are sensitive and specific markers of seizure onset laterality in individual temporal lobe epilepsy patients. This study also advances an overall strategy for the programmatic development of neuroimaging biomarkers in clinical and genetic populations: a disease model informed by coordinate-based meta-analysis was used to anatomically constrain individual patient analyses.
Introduction
Temporal lobe epilepsy (TLE) is associated with brain pathology in gray and white matter network regions connected to the epileptogenic hippocampus (Spencer, 2002) . Where brain pathology most commonly occurs and whether it could be used as a disease marker are questions of long-standing interest (Bouchet and Cazauvieilh, 1825; Margerison and Corsellis, 1966; Keller and Roberts, 2008) . The use of neuroimagingbased statistical biomarkers can guide the clinical evaluation of patients, particularly in complex cases without detectable lesions.
In our coordinate-based meta-analysis of medial TLE patients, we reported that the thalamus was the most common site of extrahippocampal gray matter loss across 22 structural MRI experiments (Barron et al., 2012) . This cross-study consensus informed our subsequent diffusion MRI study that reported decreased thalamo-hippocampal structural connectivity in an independent patient group (Barron et al., 2014) . The present report further investigates this thalamo-hippocampal TLE model in another independent patient population using resting-state functional connectivity based on BOLD-fMRI.
Resting-state fMRI studies of TLE patients have reported functional connectivity changes in brain-wide analyses and anatomically constrained network models (Cataldi, Avoli and de Villers-Sidani, 2013) . Such changes could inform further clinical assessment of TLE patients in terms of where to place intracranial EEG grids, particularly those without detectable lesions on structural MRIs. Previous reports have used functional connection strength to lateralize seizure onset: Bettus et al. (2010) reported an anatomically constrained network analysis within the medial temporal lobe and Morgan et al. (2012) reported a brain-wide (voxel-wise) analysis with the hippocampus (see Discussion for details). Per our previously reported TLE model, our study presents a novel, anatomically constrained network analysis of thalamic connectivity with the hippocampus, amygdala, and entorhinal cortex. To the best of our knowledge, no previous studies have evaluated an anatomically constrained model of thalamic functional connectivity.
The present study investigates the effect of TLE laterality on thalamic resting-state functional connectivity and whether thalamic connectivity has predictive value as a marker of seizure onset laterality. We compare functional connectivity strength between the thalamus, hippocampus, amygdala, and entorhinal cortex to predict whether individual patients have right or left seizure onset in separate discriminant and logistic regression analyses. Prediction efficacy is evaluated with standard performance measures and receiver operating characteristic (ROC) curves.
Methods

Subjects
Twenty-four right handed TLE patients (11 males, 13 females) and 20 age-matched controls were enrolled in the study from 2006 to 2013, see Table 1 for demographic information. All participants consented to the study3s protocol approved by New York University3s Institutional Review Board, and represent separate populations from previous work (Barron et al., 2012; Barron et al., 2014) . Participants were referred for structural and functional MRI by clinicians at NYU3s Comprehensive Epilepsy Center. Twenty of the 24 TLE patients were candidates for surgical resection of epileptogenic tissue, and received iEEG monitoring to confirm diagnosis and rule out additional epileptogenic areas prior to resective surgery. See Table 2 for clinical information. Each patient received a seizure onset lateralization code that was used as the "gold-standard." This lateralization code was established by iEEG when available and video EEG when unavailable. Lesions were identified through visual inspection of structural MRI by a radiologist. In addition, individual left and right hippocampal volumes were tested for significantly reduced volumes compared to a control population (see eMethods). Localization of seizure onset was determined by iEEG or video EEG. Lateralization codes based on electrophysiological recordings matched the lateralization of unilateral lesions and/or statistical hippocampal volume differences when present.
Image acquisition
Each subject underwent a single MRI session with a 3.0 T Siemens Allegra scanner. Sequences included a whole brain T1 weighted MPRAGE sequence optimized for gray-white contrast (TR/TE = 2530/ 3.25 ms; FA = 8°; matrix size = 256 × 256 × 128; FOV = 256 mm; voxel size = 1 × 1 × 1.3 mm 3 ) and a resting-state fMRI-BOLD multislice gradient-recalled echo planar imaging acquisition (TR = 2 s, FOV = 192 mm; 197 volumes, voxel size 3 × 3 × 3 mm 3 ) while patients lay in the scanner with their eyes open.
VOI definition
Volumes of interest (VOI) for the thalamus, hippocampus, amygdala, and entorhinal cortex were created using the Freesurfer (5.1; http:// surfer.nmr.mgh.harvard.edu) recon-all function. In this procedure image volumes are resampled from native T1 image space to 1 mm isotropic space; segmentations are generated in 1 mm space then mapped back onto native image space. These tools have been validated by reference to manual thalamus (Keller et al., 2012) and hippocampus (Pardoe et al., 2009 ) labeling in healthy subjects and epilepsy patients. Anterior and posterior hippocampal VOIs were created in individual patients by dividing the hippocampal VOI (described above) by a coronal plane at its anterior-posterior center. These anterior and posterior divisions were created to, in part, replicate the Bettus et al. (2010) study ( Fig. 1 ).
Resting-state fMRI pre-processing
Resting-state fMRI image volumes were pre-processed according to the Weissenbacher et al. (2009) procedure by applying FSL tools within the MatLab environment. Further information may be referenced in eMethods.
Correlation, Mann-Whitney test, and effect size analysis
Mean time series signals were extracted from individual VOIs (fslmeants, implemented in MatLab) to produce 6 time series per hemisphere per subject (thalamus, hippocampus, amygdala, entorhinal cortex, anterior hippocampus, and posterior hippocampus). For each patient, p, and healthy control, hc, the Pearson product mean correlation coefficient was calculated resulting in a 12 × 12 cross correlation matrix, which was transformed to produce a Fischer z-score cross correlation matrix, FC, for each subject. These FC matrices represent a standardized parameter of functional connectivity and were used to investigate group differences using Mann-Whitney (Glantz, 2012) and effect size (Cohen et al., 1996) tests. Details about these tests may be referenced in eMethods.
Individual patient difference scores were calculated as individual patients3 Fisher z-score matrix minus the control group mean Fischer z-score matrix ( FC p − FC hc ¼ Q p ). For each patient, this yielded a 12 × 12 difference score matrix, Q p , illustrating the difference in connection strength for connection z 1 , z 2 ,…, z j ,… z 66 in a patient p compared to the baseline control. Difference scores were used to determine seizure onset laterality in separate discriminant and logistic regression analyses.
Data were further analyzed using discriminant and logistic regression analyses. Discriminant analysis performs group classification based on a continuous independent variable. Here, discriminant analysis classified patients as either "L" or "R" seizure onset group based on 2 difference scores of functional connectivity strength. Logistic regression is an alternative to group classification wherein the likelihood of group membership is expressed as a probability. Here, logistic regression computed the probability that a particular patient had right seizure onset (the alternative being left seizure onset) based on up to 6 difference scores. Further details about these analyses, including criteria used to select the difference scores used therein, may be referenced in eMethods. The accuracy of discriminant analysis and logistic regression was computed with standard performance measures (sensitivity, specificity, positive predictive value, and negative predictive value) and with an ROC curve (cf. Table 3 and Fig. 3 ).
Results
Group comparison: Mann-Whitney tests
Group differences in functional connection strength were evaluated with Mann-Whitney tests (Glantz, 2012) . Significant group differences (p b 0.05, FDR correction for multiple comparisons) in functional connectivity were only observed for physiological identities, or correlations between the hippocampi and their ipsilateral (composite) anterior/ posterior divisions. No other significant group differences were observed. There was a trend for R-TLE to have increased functional connectivity within left hemispheric regions while L-TLE showed decreased connectivity within left hemispheric regions. In addition, there was a general trend for the L-TLE group to have increased functional connectivity between the left thalamus and left hippocampus, between the right thalamus and left thalamus, and between the right hippocampus and left hippocampus. These trends are plotted in color as cross-correlation matrices in eFigure 1. 
Group effects: effect size analysis
The group effect of seizure onset laterality was evaluated with standard effect size tests (Cohen et al., 1996) . Medium effect sizes (N.3 as defined by Cohen (1988) ) were observed for connections between the left thalamus and left hippocampus (0.43), left amygdala (0.46), and left anterior hippocampus (0.46); between the right posterior hippocampus and left hippocampus (−0.33) and left posterior hippocampus (−0.33); between the right thalamus and left amygdala (0.34); and between the right entorhinal cortex and right thalamus (−0.30) (See Fig. 2 and eTable 2) .
Six connections met our criteria for suitable predictors of seizure onset laterality. These connections are described below in reference to their usage in the discriminant and logistic regression analyses. The selection criteria for these connections are explained in eMethods and are presented in tabular form in eTable 3.
Group classification: discriminant analysis
A direct discriminant analysis was performed using 2 functional connection strengths to determine group classification. The 2 functional connections were between the left thalamus and left hippocampus (modeled as "predictor 1") and between the right entorhinal cortex and the right thalamus (modeled as "predictor 2"). Individual patients were classified into right (modeled as "1") and left (modeled as "0") seizure onset groups. One discriminant function was generated (λ = .42; χ 2 (2, N = 24) = 18.2; p b .001) and indicated that the function of the predictors significantly differentiated between patients3 laterality. Group classification (laterality) explained 100% of function variance. Predictor 1 was most associated with the function (e.g., 1.123standardized function. 57correlation with discriminant function).
Discriminant analysis predicted seizure onset laterality with a sensitivity of 85% and a specificity of 91% (cross-validation of the discriminant analysis was similar: 79% sensitivity, 90% specificity). For the sample, 87.5% of the original cases were correctly classified and 83% of the cases were correctly classified in the cross-validation analysis, described in eMethods. An ROC curve showed that the discriminant analysis of original cases was significantly different from a completely random group assignment (p b .0001). Cross-validation analysis was also significant (p b .001). Individual patient results, additional performance measures, discriminant analysis parameter estimates, and standard errors for the bootstrap analysis are reported in Table 3 . See Fig. 3 for full ROC parameters.
Group probability: logistic regression analysis
Six logistic regression analyses were performed using 1 through 6 functional connection strengths to predict the probability of seizure onset laterality. The logistic regression with four predictors yielded the most reliable parameter estimates, with the standard error for each predictor being less than 4.2. These four predictors represented connectivity strength between the: left thalamus and left hippocampus, Group P (p = 1) Group P (p = 1) Group P (p = 1) Group P (p = 1) Group P (p = 1) Group P (p = 1) modeled as "predictor 1"; right thalamus and right entorhinal cortex, "predictor 2"; right amygdala and left hippocampus, "predictor 3"; and right posterior hippocampus and left anterior hippocampus, "predictor 4". Based on the Wald criterion at the four predictor logistic regression, only "predictor 2" was significant (p = 0.05). Lack of significance was due to large standard errors of estimated beta weights as a byproduct of performance of the maximum likelihood estimator under small sample size (Keller et al., 2014; Hosmer et al., 2013) . See eTable 4 for a summary of difference scores utilized and parameters from all six logistic regressions including regression coefficients, Wald statistics, odds ratios, and 95% confidence intervals for odds ratios. A test of the full model with four predictors against a constant-only model was statistically significant, χ 2 (df = 4, N = 24) = 22.064, p b .001, indicating that as a set, the predictors reliably distinguished between R and L TLE patients. The variance accounted for in classification was large, Nagelkerke R = .802. These four connections predicted Fig. 1 . Analysis overview. Individual subject structural MRI image volumes were segmented and the thalamus, hippocampus, amygdala, and entorhinal cortex volumes of interest (VOIs) were transformed to functional MRI space. Within these VOIs, mean time series were extracted and cross correlations were computed. 1) Group comparisons were performed with Mann-Whitney tests. 2) The effect size of individual patient3s TLE on rho was compared to corresponding mean of healthy controls (n = 20). 3) Discriminant analysis and 4) logistic regression were performed to predict seizure onset laterality from functional connectivity effect size. Selection of effect size predictors is described in eMethods and supplementary materials. Fig. 2 . Effect size of TLE laterality on functional connectivity. Left: effect size was calculated as the difference of group averaged Fischer transformed correlation coefficients for R (red) and L (blue) TLE patients subtracted from the control group mean (Cohen, 1988) . Effect sizes used as predictors for discriminant analysis are denoted with * and those used for logistic regression denoted with both * and **. To improve clarity of the figure, the redundant upper triangle of the matrix has been excluded. Right: diagram of effect sizes used to predict seizure onset laterality. Red lines represent increased functional connectivity compared to control; blue lines represent decreased. Triple lines represent effect sizes used in discriminant analysis; logistic regression used both triple and single lines. laterality with a sensitivity of 86% and a specificity of 100% (other performance characteristics, see Table 3 & Fig. 3 ). Notwithstanding the small sample size, analyses with and without bootstrapping achieved identical results. Individual patient laterality predictions can be referenced in Table 3 .
Discussion
This study demonstrates that inter-regional resting-state functional connectivity predicts the hemisphere of seizure onset in individual TLE patients. Consistent with our previously proposed network model of TLE, the strongest predictors of seizure onset laterality were connectivity strength between the left thalamus and left hippocampus and between the right thalamus and right entorhinal cortex. Using these connection strengths, discriminant analysis and logistic regression predicted seizure onset laterality with high sensitivity and specificity.
Anatomically constrained analyses outperform brain-wide analyses
Using a novel strategy and statistical method, we found that thalamic connectivity was the strongest predictor of seizure onset in patients with TLE. Our goal was to determine which network connections would be most affected by TLE laterality and therefore be most predictive of seizure onset laterality. Based on a previously proposed (Barron et al., 2012) and confirmed (Barron et al., 2014) thalamic model of TLE network damage, this study performed a functional connectivity analysis between the thalamus, hippocampus, amygdala, and entorhinal cortex. Bettus et al. (2010) reported an anatomically constrained analysis that detected TLE-related changes in functional connections between the posterior hippocampus and amygdala and between the anterior hippocampus and posterior hippocampus. These connection strengths lateralized seizure onset zone with 64% sensitivity and 91% specificity. For this reason, the amygdala, entorhinal cortex, and anterior and posterior hippocampal divisions were included as seeds in our analysis of thalamic connectivity. Morgan et al. (2012) reported a brain-wide (voxel-wise) functional connectivity analysis between the whole hippocampus and each brain voxel. Altered connectivity between the right hippocampus and 5 thalamic voxels lateralized the seizure onset zone with 100% sensitivity and 87.5% specificity in 7 patients. We attempted to replicate this analysis in our 23 patient sample by analyzing hippocampal connectivity in two ways: first to each thalamic voxel (as in Morgan et al., 2012) and then to each thalamic nucleus (as defined in Krauth et al., 2010) . In both analyses, individual patient difference scores varied greatly and were not consistently predictive of laterality. We observed that the smaller the volume analyzed, the more variable the measurement across subjects (data unreported). That is, the voxel-wise analysis performed less well than the per-nucleus analysis, which performed less well than the regional-thalamus analysis (reported here).
Framework for thalamic involvement in TLE
Because thalamic connections were the most predictive of TLE laterality, we now propose a framework for thalamic involvement in TLE. Thalamic involvement in TLE seizure initiation (Spencer, 2002) , propagation (Guye, 2006) , and spread (Bertram et al., 2008) is supported by a large and growing literature. Thalamic atrophy is correlated to medial temporal lobe (MTL) atrophy in volumetric (Bernhardt et al., 2012) , diffusion tractography (Keller et al., 2014) , and T2 weighted studies (Keller et al., 2014) . In comparison to neocortical atrophy, thalamic atrophy is relatively uncorrelated to disease duration (Coan et al., 2014) . Together, these observations imply that thalamic involvement differs with disease progression and suggests stage-specific Table 3 . Discriminant analysis probabilities were adjusted to be relative to diagnosis of RTLE, P (p = 1). involvement of thalamic nuclei. The thalamic medial dorsal nucleus is the most consistent site of gray matter reduction reported in structural MRI studies (Barron et al., 2012 ), suggesting that the medial dorsal nucleus represents an early "damaged" pathway in TLE. Notwithstanding decreased thalamic structural connectivity with the temporal lobe in medial TLE patients (Keller et al., 2014) , the medial pulvinar remained the most structurally connected thalamic nucleus (Barron et al., 2014 ), suggesting that the medial pulvinar represents a consistently "open" pathway.
Given the observations of midline thalamic atrophy (Bernhardt et al., 2012) , we propose that epileptogenic damage to the anterior and medial dorsal nuclei facilitates TLE seizure onset (per Coan et al., 2014) ), while damage to the medial pulvinar facilitates seizure generalization (Rosenberg et al., 2009) . Such a framework provides further anatomical basis for the concept that network disruption (as opposed to a single, focal disruption) causes seizures (Cavazos and Cross, 2006) . Neuroimaging supports this framework, however, definitive nucleus-specific electrophysiological studies are required as a formal validation.
Interpretation of predictors
Thalamo-hippocampal functional connection strength was the strongest predictor of seizure onset laterality in both our discriminant analysis and logistic regression analysis. Thalamo-entorhinal cortex connection strength was the second strongest predictor. Both of these novel findings are consistent with known physiology, as follows.
Physiological synchronization between the thalamus and MTL structures has been described during TLE seizure (electrophysiology (Guye, 2006) ) and at rest (fMRI (Cataldi et al., 2013) ). The entorhinal cortex is the main excitatory input to the hippocampus and is known to significantly interact with the hippocampus at seizure onset (Guye, 2006; Bartolomei et al., 2005) , likely via CA1 and subicular hippocampal connections, which reorganize during epileptogenesis (Cavazos and Cross, 2006; Witter, 1993) . Ictal electrophysiological synchronization of the entorhinal cortex with the thalamus occurs before hippocampal synchronization with the thalamus, suggesting that whatever influence the thalamus exerts on the hippocampus acts via the entorhinal cortex (Guye, 2006) .
For both predictors, no comparable effects in the opposite hemisphere were observed, i.e. left thalamo-hippocampal connectivity was increased in L compared to R-TLE patients but right thalamo-hippocampal connectivity was not increased in R compared to L-TLE patients. One explanation could be that R and L-TLE affect network connectivity in different ways, as demonstrated by Bernhardt et al. (2011) and Karunanayaka et al. (2011) . Another explanation could be that left and right thalamo-hippocampal connections are differentially engaged during the resting state. The presence of lateralized attention (right hemisphere) and language (left hemisphere) networks during the resting state supports this idea. While neuropsychological measures of language ability are known correlates of L-TLE, the relation of R-TLE to attention set switching and maintenance is relatively unknown. Further investigation of these measures in relation to functional connectivity strength could therefore prove useful.
Biomarker discovery
The strategy and results presented seek to identify a biomarker using an anatomically constrained model of TLE. It is notable that while multiple differences in connection strength were useful predictors of seizure onset laterality, no one connection significantly differed from controls in group-level comparisons. In terms of biomarker identification, our results argue that the absence of a significant group-level difference should not discourage efforts to assess the clinical utility of multiple differences at the individual-level. Such an approach may be optimized when investigating the predictive effects of a disease model informed by coordinate-based meta-analysis, as done here.
Limitations
Functional connectivity is an operative term applied to temporally correlated, spatially remote neurophysiological events (Friston, 1994) . As applied here, functional connectivity represents temporal correlations in the mean fMRI-BOLD time-series signal of particular tissue volumes acquired under the resting condition. While functional connectivity is not intended to imply structural connectivity, our results are consistent with previous reports investigating structural connectivity (Barron et al., 2014; Keller et al., 2014) .
Although the patient sample studied (n = 24) is relatively large for an fMRI study, a larger cohort would increase the rigor of these results. Because of concerns about small sample size, we performed discriminant analysis and logistic regression with and without bootstrapping (n = 1000); identical results were achieved. We addressed concerns of model "over-fitting" in the discriminant analysis by inclusion of a leave-one-out cross-validation. This step yielded a small decrease in prediction performance, however served as a validation of the specific analytic model built and used in the discriminant analysis. While the overall strategy of building a disease model with coordinate-based meta-analysis may reasonably be tested in other neurological disorders, the specific disease model tested in the present analysis is specific to the TLE population. As such, the sensitivity and specificity metrics reported above are limited to the TLE population.
Notwithstanding these limitations, the present study further confirms our previously proposed TLE disease model in an independent patient population using different methods.
Conclusion
Thalamic functional connectivity can predict seizure onset laterality in TLE patients with and without hippocampal sclerosis. This study advances an overall strategy for the programmatic development of neuroimaging biomarkers in clinical and genetic populations: a disease model informed by coordinate-based meta-analysis was used to anatomically constrain individual patient analyses.
